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Abstract – The energetics and electronic properties of oxides of selected transition metals (Cu,
Ni, Ti and Zn) adsorbed onto a diamond (001) surface are examined using density functional
simulations. We find that the stoichiometric oxides of Ti and Zn exhibit large negative electronic
affinities of around 3 eV, whereas the oxides Cu and Ni have a relatively small impact on the
affinity. Although reactions of most metal oxides with the diamond surface are exothermic in
nature, we propose that titanium, which exhibit large binding energies per metal atom in addition
to a large negative electron affinity, is of particular interest for the surface coating of diamond-
based electron emitters.
Introduction. – The ability to induce a negative1
electron affinity (NEA) on a diamond surface by suit-2
able surface treatments has been frequently demonstrated3
[1–6]. In conjunction with its remarkable material prop-4
erties, an NEA of diamond, where the conduction band5
minima lie above the vacuum level, is of particular in-6
terest for photocathode and thermionic applications, as7
it can significantly reduce the energetic barrier to elec-8
tron emission, so that conduction-band electrons can be9
released into the vacuum even at low temperatures [1–9].10
A widely-adopted, and perhaps the simplest approach to11
produce an NEA with diamond uses hydrogen surface12
treatments [1–5]. C–H surface bonds form a dipole layer,13
which helps in lowering the work function from that of14
carbon terminated diamond at 5 eV, to around 3 eV [1,4].15
However, the reduced work function of diamond re-16
mained too high for low-temperature thermionics, and op-17
eration at elevated temperatures (above 500 ◦C) results in18
the desorption of hydrogen, and a substantial increase in19
work function [10]. Alternative surface terminations in-20
cluding halogens [11,12], oxygen, [4], alkali-halides [20,21]21
and alkali-oxides [22, 23], have also been examined, which22
provide some control over the electron affinity (χ). Un-23
fortunately, most either increase the work function or are24
unstable at high temperatures. For example, F- and O- 25
terminations, which are reasonably thermally stable, re- 26
sult in the positive χs and increase the work function 27
[4, 11], whereas CsO, which yields a low value (≈1.5 eV) 28
of work function, is found to be highly unstable above 29
∼ 377 ◦C [6,18, 24]. Similar issues have been encountered 30
with alkali halides [20, 21]. 31
Perhaps the best candidate currently proposed to ad- 32
dress both NEA and thermal stability is monolayers of 33
lithium-oxide [22, 23]. However, Li is incompatible with 34
semiconductor device fabrication processes. Hence, for an 35
efficient electron emitter, a low work function and ther- 36
mally stable diamond surface remains to be identified. 37
Recent theoretical and experimental studies on the de- 38
position of transition metals (TMs) Cu, Ni, Ti, Co and 39
Zr onto both clean and oxygenated diamond surfaces 40
[10, 15–17, 19, 25, 26] demonstrate that TMs are very sta- 41
ble and influence the electronic properties significantly. 42
Importantly, TMs are advantageous over other termina- 43
tions, and particularly lithium, as they are compatible 44
with device fabrication processes widely used for both 45
Schottky and Ohmic contact fabrication [27, 28]. These 46
studies suggest that, in addition to the chemical nature of 47
surface treatments, layer thickness impacts upon χ. Ul- 48
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tra thin (the order of a monolayer) transition-metal oxide49
(TMO) coatings are generating a great deal of interest for50
thermionics, as there is a possibility of significant reduc-51
tion in χ resulting from large metal-oxygen dipoles akin52
to those predicted for lithium oxide termination [22].53
In this letter, we present the results of density func-54
tional calculations exploring the energetics and χ of a di-55
amond (001) surface terminated by a range of stoichiome-56
tries of the oxides of selected TMs: Ti, Ni, Cu, and Zn. We57
demonstrate here that by careful choice of metal species,58
stoichiometric TMOs, in addition to producing a very59
large NEA, show a strong adhesion to the diamond sur-60
face, paving the way for the fabrication of thermally stable,61
highly efficient diamond electrodes.62
Such robustness is essential for any future applica-63
tion in an electronic device that is compatible with mass64
manufacture. For example, TMO terminated diamond65
electrodes could be feasibility incorporated into micro-66
fabricated electro-mechanical devices (MEMs) that func-67
tion as high efficiency ballistic power transistors. The fab-68
rication of such devices would rely on being able to suc-69
cessfully deposit or bond suitable material layers on top70
of the diamond/TMO structure without inducing degra-71
dation in χ. Li based coatings are not robust enough under72
typical fabrication conditions to allow for low-cost man-73
ufacture whilst TMOs (such as TiO2) are already widely74
used in MEMs type structures.75
Methodology. – Density-functional calculations are76
performed within the local-density approximation (LDA)77
[29] using the AIMPRO code [30–32]. Atoms are modeled78
using norm-conserving, separable pseudo-potentials [33],79
and Kohn-Sham eigen-functions are expended using atom-80
centered Gaussian basis sets [34]: all species are associated81
with independent sets of s- and p-functions of four widths,82
and either two (oxygen) or four (all other species) sets83
of d-functions, amounting to either 28 or 40 independent84
basis-functions per atom. Matrix elements of the Hamil-85
tonian are determined using a plane-wave expansion of86
the density and Kohn-Sham potential [35] with a cutoff87
of 175Hartree, resulting in convergence of the total en-88
ergy with respect to the expansion of the charge-density89
to within around 10meV. Using this approach, the dia-90
mond lattice-constant is 3.53A˚, just 1% less than exper-91
iments, and the calculated indirect band gap is 4.20 eV,92
consistent with comparable plane-wave calculations [36].93
The qualitative and quantitative details regarding surface94
calculations have been published previously [11, 14]. Sur-95
faces are simulated using a 14-layer, (001)-oriented slab,96
separated by a minimum of 15A˚ of vacuum. In-plane sur-97
face lattice vectors are n[110]a0/2 and m[11¯0]a0/2, n and98
m being integers.99
Structures are optimized using a conjugate-gradients100
scheme, with the optimized structures having forces on101
atoms < 10−3 atomic units, and the final structural opti-102
mization step is required to result in a reduction in the103
total energy of less than 10−5Hartrees. The Brillouin104
zone is sampled using uniform Monkhorst-Pack sampling 105
meshes [37]. The initial sampling for a 1×1 surface cross- 106
section is 8 × 8 and for calculations where the primitive 107
surface cells are repeated, the sampling is reduced to main- 108
tain the sampling density. 109
In line with the standard practice [38–40], χ is calcu- 110
lated by finding the electrostatic potential (EP) and as- 111
sociated vacuum reference level as a function of position 112
through the slab into the vacuum, and aligning this to the 113
corresponding EP variation in the bulk diamond, which 114
is equivalent to the position of valence band maxima. It 115
is worth mentioning here that the experimental value of 116
5.47 eV of energy bandgap is added to the position of 117
valance band maxima to accurately predict the position 118
of conduction band minima of bulk diamond in simula- 119
tions. Using this approach we have accurately predicted 120
the electron affinities of some common surface termina- 121
tions, such as –H (≈-1.9 eV) and –F(≈+2.1 eV), which are 122
in good agreement with experiments (H at −1.30 eV [1] 123
and F at 2.6 eV [42]). For H-termination, the difference 124
between the current and previous calculations is less than 125
0.1 eV [39,40]. 126
The adsorption energy (Eads) per atom for each equi-
librium structure is calculated [11, 14, 22, 25] as
Eads =
1
n
(Etot − Eox − nµX) ,
where Etot is the total energy of the a × b diamond slab 127
terminated by both TM and oxygen atoms, Eox is the total 128
energy of the a× b, oxygen-terminated diamond slab, µX 129
is the energy of a free metal atom, and n is the total num- 130
ber of metal atoms in the a× b slab. The method used to 131
determine µX are detailed elsewhere [14], but in brief the 132
difficulty in reliably obtaining atomic energies is avoided 133
calculating energies of solids and determining atomic en- 134
ergies using experimental cohesive energies. We have as- 135
sessed the impact of functional by calculating properties 136
of selected surface using the generalized gradient approx- 137
imation (GGA) [41]. In GGA calculations, χ is found to 138
deviate from the LDA values by < 10%, and Eads remain 139
unchanged to within 10s of meV. 140
Results and Discussion. – We now examine the 141
terminated diamond surfaces. It is understood that on 142
the (001)-diamond surface, oxygen binds in an ether form, 143
whereas hydrogen termination takes the form of a struc- 144
ture where second-neighbor carbon sites reconstruct, and 145
the remaining surface sites are saturated by hydrogen. In 146
both cases the surface is completely chemically bonded. 147
Where TMs are bonded to the oxygen terminated surface, 148
the connectivity must be altered to allow for bond forma- 149
tion. This is found to occur by the formation of a (2× 1) 150
reconstruction akin to that seen in H-termination. In this 151
case oxygen in the negative oxidation state are monova- 152
lent, rather than divalent. Combining the −1 oxidation 153
state of the surface oxygen with the native oxidation state 154
of each TM, it is possible to reduce the otherwise large 155
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number of possible surface arrangements for the various156
monolayers of TMOs: this results in 25%, 50% and 100%157
of the surface site coverage for MOs that normally adopt158
M2O, MO and MO2 stoichiometries, respectively. For ex-159
ample, as shown schematically in Fig. 1, each Ti4+ and160
Zn2+ ion in the stoichiometric films is balanced by four161
and two oxygen atoms, respectively.162
A wide range of possible surface geometries for each sto-163
ichiometry were examined, including those where the TMs164
are bonded directly to the diamond, leading to a C–TM–165
O surface termination. In all cases examined, structures166
where the oxygen atoms act as linkers between the dia-167
mond and the TM were energetically favored, and it is168
only such arrangements that are discussed in the remain-169
der of this letter.170
The impact of adopting the appropriate stoichiometries171
can be seen on Eads listed in Table 1; we indeed find the172
most stable configurations of Ti, Ni, and Zn occur for ra-173
tios of 1:4, 1:2, and 1:2, respectively. The equilibrium174
configurations corresponding to oxides of zinc and tita-175
nium are shown schematically in Fig. 2. In the case of176
Cu we note that Eads for the ratio 1:1 is slightly lower177
than that of the ratio 1:2. These correspond to the cupric178
and cuprous oxides. The enthalpy of formation of cuprous179
oxide (Cu2O, −169kJ/mol) is slightly greater than that180
of cupric oxide (CuO, −157kJ/mol), with the differences181
in formation enthalpy agreeing reasonably well with the182
corresponding structures on diamond, (∆H ≈ 0.1 eV per183
Cu atom, and ∆Eads ≈ 0.06 eV ).184
(a) Titanium oxide
(b) Zinc oxide
Fig. 2: Perspective views of the diamond surface with adsorbed
oxides of (a) Ti and (b) Zn. Black, red, gray, and brown spheres
represent C, O, Ti, and Zn atoms, respectively.
The values for Eads listed in Table 1 are broadly compa-185
rable with those found recently for the same TM species on186
the oxygen-free (001)-diamond surface [13,14], confirming 187
that TMs are strongly attached to an oxygen-terminated 188
diamond. Since in most of cases, adsorption of TMs onto 189
an oxygenated diamond surface is exothermic, one may ex- 190
pect better thermal stability from metal oxides at elevated 191
temperatures in comparison to commonly used surface ter- 192
minations, such as H, and other alkali halides and oxides. 193
As an example, in the case of the most energetically fa- 194
vorable stoichiometry, 1:4, of titanium oxide, to extract a 195
Ti atom from an oxygenated diamond surface and brings 196
it in the gaseous form, one will have to provide thermal 197
energy equivalent to 7.60 eV. Alternatively, one might en- 198
visage the desorption of an oxide species, leaving behind 199
a clean diamond surface. We estimate for the titanium- 200
oxide case, release of a TiO2 unit from the surface would 201
require around 7 eV, again suggestive of a high thermal 202
stability, although a detailed kinetic model would be re- 203
quired to fully explore this question. The relatively weak 204
binding corresponding to 1:4 of Cu, Ni, and Zn suggest 205
that at very low coverages, island formation may occur 206
and mixed termination with both TMO islands and pure 207
C-O surfaces are likely to be achieved in practice. 208
The periodicity of the underlying diamond reconstruc- 209
tion is found to have a relatively weak impact upon ei- 210
ther Eads or χ. As an example, for stoichiometric ZnO, 211
two isomers are shown in Fig. 3. The ground state pe- 212
riodicity is indicated in Table 1. The most stable stoi-
Fig. 3: Top views of 2 × 1 (left) and 2 × 2 (right) geometries
of a ZnO terminated diamond surface. The surface dimers are
shown in green.
213
chiometries of TMOs, particularly, oxides of Ti and Zn, 214
exhibit large NEAs of around 3.1 eV, significantly higher 215
than H-termination (χexp is 1.3 eV and χtheo is 1.96 eV) 216
[1,4,11,39,40], but slightly smaller than 3.89 eV predicted 217
for LiO (χexp for LiO is not known) [22, 23]. We note 218
that the predicted sign of the electron affinity is consis- 219
tent with a previous study [17], which reports a NEA for 220
a TiO-2× 1-(111) diamond surface. 221
The Pauling electronegativities of Ti, Zn, Cu, and Ni 222
are 1.54, 1.65, 1.90, and 1.91, respectively, indicating 223
that for stoichiometric films the bond-polarity of for Ti 224
and Zn should exceed those of Cu and Ni. This picture 225
is supported by Mulliken population analysis. In addi- 226
tion, examination of rumpling [43] is also helpful in semi- 227
quantitatively interpreting χ. The electronegativities of 228
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Fig. 1: Schematic representations of oxidation states corresponding monolayer TMO coverage for (a) Ti and (b) Zn.
Table 1: Calculated Eads (eV), χ (eV) and bond lengths (A˚) for different TMO stoichiometries (M:O) adsorbed onto (001)-
diamond. d(C−C) is the C–C reconstructed-bond length, with d(C−O) and d(O−M) being average C–O and O–metal distances,
respectively. The periodicity of the surface reconstruction is indicated as 2 × N , as shown for ZnO in Fig. 3. dz (A˚) is the
rumpling, i.e. the difference in the z-positions of TM atoms relative to the layer of oxygen (Fig. 2).
d
TM M:O 2×N Eads χ C-C C-O O-M dz
1:1 1 −5.35 1.74 1.63 1.39 2.22 1.38, 1.20
Ti 1:2 1 −6.15 1.57 1.63 1.38 1.96 0.92, 0.70
1:4 2 −7.60 −3.10 1.66 1.36 1.82 0.59
1:1 2 −2.67 1.41 1.69 1.35 1.82 1.31
Ni 1:2 1 −3.80 −0.16 1.63 1.39 1.84 0.57, 0.29
1:4 2 −2.69 1.67 1.75 1.32 1.76 0.29
1:1 1 −2.05 0.05 1.63 1.37 2.12 1.20, 1.02
Cu 1:2 1 −2.35 −1.28 1.63 1.38 1.92 0.80, 0.23
1:4 2 0.03 1.13 1.74 1.33 1.85 0.41
1:1 1 −1.00 0.30 1.65 1.38 2.15 1.28, 1.21
Zn 1:2 1 −1.13 −3.05 1.64 1.37 1.90 0.79, 0.46
1:4 1 0.97 −0.40 1.66 1.31 1.96 0.79
Cu and Ni are very close, but the rumpling of CuO ex-229
ceeds that of NiO, consistent with the more negative χ230
(Table 1) for CuO termination. Although Zn is less elec-231
tropositive than Ti, the greater rumpling of ZnO termi-232
nation leads to Zn and Ti terminations having very sim-233
ilar NEAs. The difference between the Ni and Cu cases234
highlights the necessity to not only take the nuclear ar-235
rangement into account when considering the origin and236
magnitude of NEAs, but also an accurate simulation of237
the electronic spatial arrangement.238
Akin to a H-terminated diamond, the resultant electric239
field from the positively charged metal ion layer to the240
negatively charged oxygen layer of these surface dipoles241
results in a reduction in χ relative to an unterminated242
surface. An excess of metal generally reduces the magni-243
tude of charge transfer, rendering χ less negative. Indeed,244
we find that that for all four TMs studied, metal bi-layers245
result in a positive χ, consistent with the experimental 246
studies, where relatively thick coatings of Cu, Ni, Ti Zr 247
and Co all yield [10, 15–19] positive values for χ. 248
The effect of metal adsorption on the band structure 249
of a purely oxygen-terminated diamond surface is shown 250
in Fig. 4. The highly polar metal-oxygen bonds shift 251
the band structures upwards by around 5.5 eV relative 252
to that of oxygen termination. Also evident is that the 253
TMO-terminated surfaces are found to be non-metallic, 254
although there are surface states introduced into the dia- 255
mond band-gap, which depend upon the chemical nature 256
of system. Wave-function analysis indicates that the un- 257
occupied states around the vacuum level in Figs. 4(b) and 258
(c) are oxide related, originating from a linear combina- 259
tion of p and d–like orbitals centred on O and the TMs, 260
respectively. 261
It is instructive to assess the bonding in the mono- 262
p-4
Title
(a) Oxygenated diamond
-15
-10
-5
 0
 5
 10
M Γ X
E
n
er
g
y
(e
V
)
(b) Titanium oxide-diamond
-15
-10
-5
 0
 5
 10
M Γ X
E
n
er
g
y
(e
V
)
(c) Zinc oxide-diamond
-15
-10
-5
 0
 5
 10
M Γ X
E
n
er
g
y
(e
V
)
Fig. 4: Band structures in the vicinity of the band-gap along high-symmetry directions in the Brillouin-zone for the (001)
diamond surfaces terminated with (a) oxygen, (b) titanium oxide (O:Ti is 4:1) and (c) zinc oxide (O:Zn is 2:1). Red and blue
lines correspond to occupied and empty states. In each case the zero on the energy scale vacuum. The cross section area of all
three slabs is (2× 2).
layer surface coverage by comparing the calculated surface263
bond-lengths (Table 1) with suitable reference materials.264
In the monolayer systems, TM–O bond lengths are within265
6% of the average TM-O bond lengths in the correspond-266
ing bulk metal-oxides [44, 45], but close to the values at267
a pure metal-oxide surface [46]. The average C–O bond268
length is around 9% shorter than the calculated value for269
ether-terminated diamond (001)-surface [40], but within270
1% of the values typical for C–O− bonds [47]. The bond-271
lengths are therefore entirely consistent with expectations272
for the context.273
Although the surface C–C reconstruction increases rel-274
ative to that of a comparable fully hydrogenated surface,275
we find that the underlying 2× 1 and 2× 2-reconstruction276
are retained for all stoichiometries, for all TMOs studied.277
The surface C–C bond lengths on 2× 2 geometry are rel-278
atively larger than those on 2× 1 geometry. We note that279
thick TMO films are likely to have more complex issues280
arising from commensurability of the diamond surface and281
oxide structures, but for the ultra-thin films examined in282
this study, there is no evidence to suggest a significant role283
for strain.284
Our findings show that a careful control is necessary285
while depositing ultra-thin TMO layers on diamond, as286
uncontrolled deposition may well result in stoichiometries287
that reduce the desired impact upon the χ. Selective depo-288
sition of such ultra thin TMOs films is likely to be techno-289
logically challenging. However, the use of atomic layer de-290
position and scanning probe based lithography for atomic291
scale patterning of TMs on diamond surface may offer a292
laboratory solution to test the impact of the ultra-thin293
TMO layers.294
Conclusion. – In conclusion, we have examined the 295
energetics and χ of diamond (001) surfaces terminated by 296
selected TMO monolayers. We find that for a correct sto- 297
ichiometry, ultra thin coatings of TMOs, particularly the 298
oxides of Ti and Zn, cause a large negative shift of around 299
3.6 eV in the electron affinity. Since the reactions of TMs 300
with oxygenated diamond are highly exothermic, in addi- 301
tion to excellent chemical stability, a better thermal sta- 302
bility at elevated temperatures in comparison to H and 303
CsO can be obtained. We note in particular that Ti also 304
has the advantage over Cs- and Li-based χ modification 305
in that it is already commonly used in semiconductor pro- 306
cessing. We therefore propose that in the regime of ultra 307
thin films, Ti based TMOs are ideal for the surface coat- 308
ings of diamond-based electron emitters. 309
We have included the evaluation of four TMOs in this 310
letter, with titanium representing the strongest candidate 311
for a thermally stable NEA termination for diamond sur- 312
faces. However, based upon the relationship between TM 313
electronegativities and the resultant χ, combined with 314
knowledge of the thermal stability of other TMOs, allows 315
for further predictions. For example, Sc, Zr and V are also 316
of particular interest, as these have favorable electronega- 317
tivities and readily form thermally stable oxides. Analysis 318
of such alternatives is ongoing, in tandem with experimen- 319
tal determination of the impact of such treatments upon 320
electron emission. 321
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